We have proposed and fabricated AlGaN/GaN high electron mobility transistors (HEMTs) which increase the gate-drain breakdown voltage by employing a floating gate and a field plate. Experimental results show that the breakdown voltage of the proposed devices was successfully increased compared with that of the devices which employ only the floating gate in our previous report. High breakdown voltage of 484 V is obtained while the breakdown voltage of the conventional devices is 250 V. The leakage current is reduced considerably from 88 to 8.5 µA by employing the additional field plate. Measurement of dynamic characteristics shows that the proposed devices operate under high frequency inductive load switching without any current dispersion.
Introduction
AlGaN/GaN high electron mobility transistors (HEMTs) have attracted considerable attention for high power switch applications due to the wide band-gap properties of GaN [1] . GaN devices exhibit the high breakdown voltage characteristics due to the high field strength (>3 MV cm −1 ) compared with Si and GaAs devices [2] . In addition, very low on-resistance can also be obtained due to the two-dimensional electron gas (2DEG) of the AlGaN/GaN hetero-structure which exhibits high mobility and large carrier concentration [3] [4] [5] . AlGaN/GaN HEMT switches can operate at high temperature due to the wide band-gap properties of GaN. AlGaN/GaN HEMTs are suitable for high voltage power switches such as ignition circuits and inverter systems in hybrid vehicles due to these superior characteristics.
Breakdown voltage and on-resistance are the important characteristics of power switches. Several methods have been reported to increase the breakdown voltage by reducing the electric field under the edge of the gate. It has been reported that the floating gate effectively reduces electric field concentration under the gate edge and suppresses the avalanche in GaAs MESFETs [6] . The floating gate may be an effective tool because it is formed simultaneously with the main gate so that the fabrication process is rather simple [7] .
The field plate is also widely used in order to have high breakdown voltage in Si, SiC and GaN power devices [8, 9] . The floating gate and field plate are efficient methods which can reduce the electric field under the gate and improve the reverse characteristics.
The purpose of this work is to report an AlGaN/GaN HEMT switch employing both a floating gate and a field plate in order to improve the reverse characteristics. The breakdown voltage of 484 V is obtained in the proposed HEMTs employing both the floating gate and the field plate while the breakdown voltage of the conventional HEMT, which only employs a floating gate, is 250 V. The leakage current is reduced successfully from 88 to 8.5 µA by employing the additional field plate in the proposed HEMT.
Device structure and fabrication
We have used an AlGaN/GaN HEMT epitaxial wafer which was grown on sapphire substrate by a MOCVD method. The 40 nm-thick AlN was grown on c-plane sapphire substrates as a nucleation layer, followed by a 3 µm-thick semiinsulating GaN layer. A 33-nm thick undoped AlGaN layer was deposited and a 5 nm-thick undoped GaN capping layer for a high breakdown voltage and a low leakage current was grown finally. The sheet charge concentration of 7.8 × 10 12 cm −2 and the electron mobility of 1500 cm 2 V −1 s −1 O xid e pa ssiva t ion (b) Figure 1 . Cross-sectional views of (a) the conventional HEMT switch and (b) the proposed HEMT switch (L G and L FG = 3 µm,
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were measured from Hall measurement, respectively. A mesa of 300 nm was formed by inductive coupled plasma (ICP) etching for isolation. After ohmic patterning, we dipped the sample in HCl : DI (1 : 1) solution in order to remove native oxide on the surface. Ohmic contact metals (Ti/Al/Ni/Au = 20 nm/80 nm/20 nm/100 nm) were deposited in a sequence by an e-gun evaporator and the ohmic pattern was defined by the lift-off technique. Then, the samples were annealed at 850
• C by using RTA for 30 s under a flowing N 2 ambient. Typically yielded ohmic contact resistance was 1.1 mm and the sheet resistance in the contact region was 597 sq −1 . Schottky contacts (Pt/Mo/Ti/Au = 5 nm/20 nm/20 nm/300 nm) were also defined by the lift-off technique. The high breakdown voltage and the low gate leakage current are expected from a Pt Schottky contact due to the high work function, and Mo enables stable operation in high temperature and high power systems due to the high melting point of Mo. The devices were passivated with an oxide of 350 nm which was deposited by inductive coupled plasma (ICP) CVD at 350
• C. Then the metals for the field plate, which are the same metals as the gate, were deposited. The cross-sectional views of the conventional and the proposed HEMT switch are shown in figure 1 . The length of the gate and the floating gate are 3 µm and the gate width is 100 µm. The distance between the floating gate and the gate is 3 µm which is the optimum distance for the high breakdown voltage. The distance between the gate and the drain is 20 µm and the distance between the gate and the source is 3 µm. The length of the field plate which is connected with the gate is 9 µm. We have measured the DC and dynamic characteristics by using a HP4156 and an oscilloscope.
Results and discussion
It has already been reported that the forward and reverse characteristics of AlGaN/GaN HEMTs can be improved by SiO 2 passivation [10, 11] . It should be noted that the passivation is an essential process to fabricate the field plate which increases the breakdown voltage. We have passivated the devices with oxide which is deposited at 350 • C by inductive coupled plasma (ICP) CVD. The leakage currents of the conventional device before and after passivation process are shown in figure 2. After the passivation with oxide, the leakage current is decreased from 220 to 88 µA when the reverse bias of 200 V is applied and the threshold voltage is decreased from −4.1 to −4.3 V. Figure 3 shows the I-V characteristics of the conventional device before and after the passivation process. The saturation current and the current slope of the drain current are increased considerably after the passivation with oxide. The on-resistance has been also improved from 5.1 m cm 2 to 4.2 m cm 2 after the passivation process.
We have designed the gate structure where the floating gate is located between the drain and the gate in the conventional device. The electric field under the gate is distributed to the floating gate due to the expansion of the depletion region into the floating gate so that the peak of the electric field under the main Schottky gate edge is reduced. In previous work, we have verified that the breakdown voltage is increased due to the successful reduction of the electric field and the optimum distance between the gate and the floating gate of 3 µm [7] . We have located the field plate at 9 µm over the floating gate in order to further reduce the electric field under gate. The measured leakage current of the proposed device is 8.5 µA while the conventional device which only employed a floating gate is 88 µA. Figure 4 shows the leakage currents of the proposed devices and the conventional device when the leakage currents are measured under a reverse bias of 200 V. The breakdown voltage is also increased from 250 to 484 V due to the effect of the additional field plate. The on-resistance is slightly increased from 4.2 to 4.5 m cm 2 due to the field plate, which is negligible.
The dynamic characteristics of the proposed HEMTs have been measured under the inductive load switching operation in order to verify a switching operation as shown in figure 5 . The gate-to-source voltages are 0 and −6 V which are turn-on and turn-off, respectively and the drain current is 0.2 A when the supply voltage is 20 V. The fabricated HEMT switch exhibits very fast switching speed as shown figure 5. Rising time and falling time during the turn-on and turn-off operation are 40 and 36 ns when the operation frequency is 200 kHz and the duty ratio is 20%. The proposed devices can operate in high frequency range without any significant current dispersion.
Conclusion
We have fabricated an AlGaN/GaN HEMT switch by employing a floating gate and a field plate in order to improve the reverse characteristics. The devices were passivated with an oxide which was deposited by ICP. After the passivation with oxide, the leakage current is decreased from 220 to 88 µA and the breakdown voltage is increased. The on-resistance has also been improved from 5.1 to 4.2 m cm 2 . The breakdown voltage of the proposed devices was successfully increased compared with that of the devices which employed only the floating gate in our previous report. A high breakdown voltage of 484 V is obtained while the breakdown voltage of the conventional devices is 250 V. The leakage current is reduced considerably from 88 to 8.5 µA by employing the additional field plate. The on-resistance is slightly increased from 4.2 to 4.5 m cm 2 . We have verified that the proposed devices operate under high frequency inductive load switching without any current dispersion by measurement of dynamic characteristics.
